Cytoplasmic incompatibility (CI) is a unique form of male sterility found in numerous insect species that harbor a bacterial endosymbiont Wolbachia. CI is characterized by severe reduction in the progeny produced when infected males are crossed to uninfected females. The reduction in progeny correlates with developmental defects that arise during and immediately following fertilization, suggesting that sperm function is disrupted. To investigate the nature of the cellular defects associated with CI, fertilization and early embryonic development were examined in normal and incompatible crosses of Drosophila simulans using anti-sperm, anti-tnbulin and anti-chromatin antibodies. Although pleiotropic, defects associated with CI can be classified into five broad categories: (1) sperm defects in the egg; (2) aberrant morphology of the mitotic apparatus; (3) defects in chromatin structure; (4) proliferation of centrosomes in the absence of nuclear division; and (5) loss of mitotic synchrony. Although mitosis and chromosome behavior are severely disrupted in CI crosses during early development, centrosome duplication and migration appear to continue unabated. The available cytological data suggest that the primary defects observed in incompatible crosses are due to defects in chromosome replication/segregation and in associated centrosome/microtubule-based processes.
Introduction
Cytoplasmic incompatibility (CI) is a unique form of male sterility found in a wide variety of insects, including flies, wasps, and mosquitoes (Yen and Barr, 1974; Noda, 1984; Hsiao and Hsiao, 1985; Wade and Stevens, 1985; Hoffmann et al., 1986; Binnington and Hoffmann, 1989 (Hertig, 1936) . Subsequent studies have shown that Wolbachia is an obligate endocellular symbiont most prominently found in the cytoplasm of reproductive tissues.
In general, CI does not dramatically alter the rate of female egg laying, nor the number of eggs fertilized. Instead, CI reduces the number of eggs that hatch (Hoffmann et al., 1986; O'Neill and Karr, 1990; Turelli and Hoffmann, 1995) . The simplest form of CI, unidirec-tional CI, occurs when males infected with Wolbachia are mated to uninfected females. The reciprocal cross, i.e., uninfected males mated with infected females, produces normal numbers of progeny, as do intrastrain crosses of infected and uninfected lines (Hoffmann et al., 1986; O'Neill and Karr, 1990; Boyle et al., 1993) . In some insects (e.g., Tribolium confusum, Aedes cutelleris, Hyperica postica) incompatible crosses result in no viable progeny. In Drosophila, the expression of CI is never complete and unidirectional crosses yield 5-15% normal progeny (Hoffmann et al., 1986; Hoffmann and Turelli, 1988; O'Neill and Karr, 1990; Turelli and Hoffmann, 1995) . Infected strains of D. melanogaster have been described either in naturally infected (Hoffmann, 1988; Glover et al., 1990; Niranjanakumari and Gopinathan, 1991) , or artificially created stocks (Boyle et al., 1993) . However, in every case so far studied, these infected stocks do not express CI to any significant level. It is unclear why some species exhibit complete expression of CI while others do not.
Numerous studies have strongly suggested that Wolbachia is the causative agent of CI. For example, infected strains cured by tetracycline treatment also no longer express CI (Yen and Barr, 1973; Hoffmann et al., 1986; O'Neill and Karr, 1990; Breeuwer and Werren, 1993) . Further evidence suggesting that Wolbachia are intimately related to CI comes from studies of bacterial density in Drosophila and Nasonia. CI expression measured in Nasonia lines treated with sub-lethal levels of the antibiotic tetracycline to reduce, but not eliminate, bacteria is linearly related to bacterial densities (Breeuwer and Werren, 1993) . Likewise, Wolbachia-infected strains of D. melanogaster generated by microinjection of infected D. simulans cytoplasm were weakly infected and expressed low levels of CI. Strains containing increased levels of Wolbachia expressed correspondingly higher levels of CI expression (Boyle et al., 1993) .
Phylogenetic analyses comparing 16s ribosomal gene sequences from several insect species that express CI initially suggested that Wolbachia was either monophyletic or closely related to Wolbachia pipientis (Breeuwer et al., 1992; O'Neill et al., 1992; Rousset et al., 1992) . These studies raised the intriguing possibility that the microbe has moved horizontally among widely divergent insect species. More recent phylogenies developed with more rapidly divergent gene sequences have shown far more heterogeneity in Wolbachia phylogenies than previously appreciated (Rousset and Solgnac, 1995; Werren et al., 1995) . An unexpected and surprising result from these studies is the realization that some strains of Nasonia and Drosophila harbor two strains of Wolbachia denoted A and B (Rousset and Solgnac, 1995; Werren et al., 1995) . In the most compete analysis to date, Werren and colleagues have resolved some aspects of the phylogenies. For example they determined that the A and B Wolbachia subgroups diverged approximately 60 million years ago. This study also definitively demonstrated that horizontal transmission has occurred often between distantly related insect orders; however, the mechanism of horizontal transmission in nature is unknown.
In an incompatible cross, sperm enter the egg apparently normally but zygote formation and subsequent mitoses are disrupted. In mosquitoes, the cytological evidence suggests that although sperm penetrates the egg, the paternal DNA complement does not faithfully fuse with the female pronucleus (Jost, 1970) . Similar cytological defects were observed in the parasitic wasp, Nasonia vitripennis, suggesting that the expression of CI is linked to the maturation of paternal DNA in the egg ooplasm (Reed and Werren, 1995) . As shown in the present study, CI expression appears more complex in Drosophila, where a significant fraction of eggs develop and result in normal uninfected progeny.
There are several unique aspects of the expression of CI that bear closer scrutiny: (1) Wolbachia are stripped from the developing spematocyte during individualization (Binnington and Hoffmann 1989) and therefore cannot be directly involved in CI expression in the egg; (2) intrastrain crosses between infected males and females are completely compatible, suggesting that the Wolbachia in the female somehow counteract the effect of Wolbachia on sperm; (3) reciprocal crosses between uninfected males and infected females are compatible, suggesting that, even though present in substantial numbers in the egg (Boyle et al., 1993) , Wolbachia have no deleterious effect on fertilization and early development.
These results imply that Wolbachia exert two very different influences on fertilization that are dependent on the sex of the host. This also demonstrates the complexity of host/ symbiont interactions and the profound effect a symbiont can have on the host species. Presently there is no model that effectively explains all aspects of Wolbachia influence on its host. A major impediment to a greater understanding of the molecular mechanism of CI is the lack of any information on the biochemistry of host and symbiont.
In this study we have examined fertilization and early egg development in compatible and incompatible crosses of Drosophila simulans. We find that the majority of defects arise very early during the crucial stages of pronuclear fusion. Analysis of the earliest observable defects suggest that aberrant chromosome decondensation of the male pronucleus may contribute to lethality. Comparison of CI-related defects with the normal course of fertilization and early development suggests that the structural integrity of the sperm tail/centrosome association is compromised. That this unique structure may be an essential element of normal development raises important issues of its origin and function.
Results

Fertilization, pronuclear migration and karyogamy in D. simulans
The normal course of events during and following sperm entrance is described in order to put the defects observed in incompatible crosses into their proper developmental and cellular context. The description that follows is valid for both infected (DSR) and uninfected (DSRT) fertilized eggs.
In Drosophila, mature eggs are arrested in the metaphase of meiosis I (Rabinowitz, 1941; Sonnenblick, 1950; Foe et al., 1993) . Sperm entry, and possibly physical constriction and hydration during passage through the oviduct (Counce, 1973; Mahowald et al., 1983; Sander, 1985 Sander, , 1990 initiates the completion of meoisis I and meoisis II. Four haploid nuclei result from meiosis; one becomes the female pronucleus and the other three become polar bodies (Rabinowitz, 1941; Sander, 1985; Foe et al., 1993 57 (1996) [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] (posterior end defined as 0% egg length). As shown in Fig. 1 , the meiotic products shortly after sperm penetration are visible in an arc reaching from the surface of the egg to the inner yolk region. The three polar bodies are denoted by the bracket in Fig. lA , and the female pronucleus (female symbol) has moved away into the yolk. Immediately following entry, the sperm nucleus (male symbol) changes shape from its original tightly compacted needle-like structure, into a less condensed illdefined structure as the chromatin begins to decondense. Simultaneously, a sperm aster develops in the region between the end of the sperm tail and the sperm nucleus (Theurkauf, 1994) (Fig. IA, arrow) . Presumably, sperm astral microtubules direct female pronuclear migration. DNA replication is initiated during the decondensation period as the pronuclei continue to migrate together. By the time the pronuclei complete migration, they are physically apposed and fully decondensed (Fig. lB, (Fig. 1E) .
During this same period, the polar bodies remain near the egg periphery, and undergo similar morphological changes that occur in the pronuclei (Fig. lB-D , right panels). Coincident with pronuclear contact (Fig. lB, left  panel) , two of the three polar bodies similarly contact each other (Fig. lB, right panel) . It is unclear if the DNA in these polar bodies replicates, but their behavior relative to the pronuclei is identical up to this stage. The polar bodies have not been observed to undergo mitosis, nor does a mitotic spindle form in this region. Instead, the polar bodies become increasingly condensed and stellate in appearance as the first mitosis ensues (compare left and right panels of Fig. lC,D) . By the time the first mitosis is completed, the polar bodies often but not always, fuse into a single stellate structure (Fig. lE, inset) . This highly Two zygotic nuclei, one attached to the sperm tail (arrow) are present. All three polar bodies have fused to form a single stellate form (box). Bar in (E) = 25 pm.
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of Development 57 (1996) [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] compacted, stellate structure is surrounded by a thick network of microtubules (Karr, 1996) where it remains unperturbed throughout the early cleavage divisions. Therefore, polar body morphology can be used as a visual landmark in incompatible embryos.
As previously described in D. melanogaster (Karr, 1991) , the sperm tail remains closely associated with the sperm nucleus throughout the entire process, thus providing a convenient marker for the male nucleus. of the egg (note polar bodies in boxes of Fig. 2C ,D; the appearance of two condensed polar body masses indicates a more advanced stage of development).
It is commonly observed that the sperm tail detaches from the nucleus, something that has not been observed during normal development (Karr, 1991 (Karr, , 1996 . In general, the numerous aberrant DNA bodies in an incompatible cross are restricted to the interior egg regions and seldom migrate to the surface.
Developmental defects in incompatible crosses arise 2.3. Altered interactions between the sperm tail and the as early as pronuclearfision and result in aberrant nucleus are coincident with mitotic defects in chromosomal segregation incompatible crosses
Incompatible crosses were analyzed over the same developmental time period as in Fig. 1 . We used a polyclonal anti-sperm tail antibody that recognizes the entire length of the sperm tail, AST-1, and a DNA-specific dye Chromomycin A3 to monitor nuclear events as shown in Fig. 2 . Because fertilization defects are observed very early in incompatible crosses, we used (1) very short timed collections and (2) polar body morphology to estimate the approximate time after fertilization.
Observations on a large number of eggs indicate that the polar bodies undergo the same types of morphological changes that occur in compatible crosses ( Fig. 1 ) and are therefore a reliable indicator of developmental age. The earliest time point that we could obtain reliable and consistent images of is pronuclear apposition (roughly equivalent to Fig. 1B ) as shown in Fig. 2A . The arrow in Fig. 2A points to the end of the sperm tail which is located close to the male nucleus. Directly next to the male nucleus is the female nucleus (arrowhead). Differences in nuclear morphology of the male and female pronuclei are clearly seen: the male pronucleus is weakly stained and appears to be decondensed compared to the tightly compacted female pronucleus. The polar bodies ( Fig. 2A , box) at this stage are condensed and separate, indicating that all four meiotic products have undergone the normal course of morphological changes up to this point. Subsequent to this stage, aberrant mitotic events are observed (Fig. 2B) . Polar body morphology (Fig. 2B, bracket) indicates that this egg had developed beyond the earlier stage shown in Fig. 2A . The most dramatic defect is seen in the formation of a 'chromatin' bridge during mitosis (Fig. 2B , open arrow). The sperm tail (Fig. 2B, closed arrow) is still closely associated with the chromatin mass at this stage, indicating that the paternal pronucleus either (1) never completely decondensed but still participated in mitosis, or (2) underwent decondensation (similar to Fig. 2A ) and subsequently condensed.
We are unable to distinguish these two possibilities.
Slightly later in development, additional DNA bodies are present, almost always highly variable in size, shape and location within the egg (Fig.  2C.D) . The greater number of DNA bodies seen in Fig.  2D compared to Fig. 2C correlates with the increased age We examined the distribution of microtubules during mitosis in eggs of incompatible crosses, as shown in Fig. 3 . Aberrant microtubule distributions are commonly found, although the phenotypes are highly pleiomorphic, and Fig. 3 displays some of the common defects associated with incompatibility. Fig. 3A shows an example of the types of aberrant mitoses commonly seen soon after sperm entrance: two spindles have formed around a chromatin bridge similar to the one shown in Fig. 2B . For comparison, a normal-appearing spindle observed in the reciprocal cross (uninfected males mated to infected females) is shown in Fig. 3D . Spindles, or the spindle-like structures commonly observed in incompatible crosses, are typically shorter and more barrel-shaped than a normal spindle. Aberrant mitoses could result in the gradual increase in the number of DNA-containing bodies observed with increasing developmental age (Fig. 2) . Mitotic synchrony is also disrupted in incompatible crosses (Fig. 3B,C,E) . Fig. 3B also indicates (brackets) that sperm tail detachment does not necessarily occur in all eggs of an incompatible cross at these early stages of development. Some clues to the nature of sperm tail detachment are seen in Fig. 3C . The sperm tail, apparently separated from its nuclear partner (arrow) apparently possesses two microtubule organizing centers as seen by the presence of two small red dots, one attached to the sperm tail, one very near it (either side of the arrowhead, Fig. 3C ). These tubulin-containing foci surround the space where the nucleus normally resides (Fig. 3C, arrowhead) . Other tubulin-containing foci, usually organized around small pieces of DNA (Fig. 3C , small arrowheads), are also commonly observed. Fig. 3E shows many of these aspects: detached sperm tail (small arrow), chromatin bridge (arrowhead) and partial spindles organized around chromatin masses (arrows).
Chromosome and centrosome replication is uncoupled in Cl crosses
Defects in development are also observed later during the nuclear division cycles 3-8. For comparison, nuclei and sperm tail position in a compatible egg are presented in Fig. 4A . The position and attachment of the sperm tail to the nucleus is indicated (Fig. 4A, arrow) , which displays the shape, spacing and morphology typical of a normally developing egg (Karr, 1996) . An example of a 'mild' CI phenotype is shown in Fig. 4B . In this egg, the sperm tail remains attached to the nucleus, although closer examination showed that it was slightly smaller and more condensed than would be expected (data not shown). Various DNA defects are seen in anterior region of the egg from DNA-positive bodies (bottom arrowhead) to larger condensed chromatin masses (middle arrowhead). More rounded, less condensed nuclei with minor defects are observed in the posterior region (upper arrowhead). Although more normal-appearing, these nuclei are abnormally spaced in the egg, forming pairs (Fig. 4B,  brackets) . Defects of greater severity are more commonly observed in later stages such as those shown in Fig. 4C . Sperm tail/nuclear detachment has occurred (arrow) and essentially all of the DNA exists in a highly compacted form with variable organization.
As shown in Fig. 3C , two tubulin-containing foci are closely associated with the end of the sperm tail, suggesting that this structure can persist without a nucleus. Sperm tail detachment and the severe CI phenotypes like those shown in Fig. 4C are commonly observed. Spindle-like structures surrounding the larger chromatin masses have poorly focused spindle poles similar to those observed in younger eggs (Fig. 3A) . Even very small pieces of chromatin (left arrowhead) have associated spindle-structures that are correspondingly smaller in size. Dual-labeling with anti-tubulin and anti-chromatin antibodies reveals significant overlap in their respective fluorescent signals (green + red = yellow). This contrasts with normal mitotic structures that maintain discrete compartmentalization of microtubules and chromatin (Fig. 3D) . Finally, centrosome duplication continues unabated in later stages (red dots indicated by arrowhead on the right).
In D. simuluns the penetrance of CI is not 100% but instead varies from 70 to 95% (Hoffmann et al., 1986; O'Neill and Karr, 1990; Boyle et al., 1993; Turelli and Hoffmann, 1995) . We correlated the level of incomplete penetrance with the early phenotypic defects we have described. Eggs from incompatible crosses were fixed at different times after egg laying and scored for CI phenotypes and the results reported in Table 1 . In this particular experiment, the level of CI expression was 76.8%, and the percentage of embryos displaying the CI phenotypes was 56%. Thus, only approximately 75% of the embryo lethality can be accounted for by these early CI phenotypes. Possible explanations for this discrepancy are discussed below.
Discussion
It important to stress that any analysis of embryonic defects associated with incompatibility is inherently incomplete when fixed egg specimens are used to reconstruct the dynamic events of development. We cannot, for example, definitively determine whether or not the early egg defects in incompatible crosses (Figs. 2 and 3 ) are related to the later defects (Fig. 4) , or if developmental defects arise independently throughout egg development. With this limitation in mind, a general description can provide important information pertaining to (1) the range of developmental defects present, (2) the cellular processes associated with the expression of CI, (3) the earliest stages at which CI expression is observed, and (4) the fraction of eggs displaying CI phenotypes. Unfortunately, we cannot yet take advantage of Drosophila genetics in the analysis of CI as there are very few reports in the literature of mutations that specifically act either during fertilization or early post-fertilization.
However, two mutations with similar phenotypes, ms(3)K81 (Fuyama, 1984 (Fuyama, , 1986a Yasuda et al., 1995) and Rex (Ribosomal exchange) (Robbins and Pimpinelli, 1994 ) have been recently described and may provide some insights. Rex expression results in chromosomal damage during the first few nuclear divisions, mitotic asynchrony, and embryo lethality. Rex displays a semi-dominant maternal effect associated with a repeated ribosomal DNA element (Robbins and Swanson, 1988; Rasooly and Robbins, 1991) . The genetics of Rex suggest that Rex is active during oogenesis and that the product of Rex (perhaps an endonuclease)
is transported into the egg. Rex-induced lethality apparently results in chromosome breakage presumably due to incomplete strand repair (Robbins and Pimpinelli, 1994) . Since Rex is a maternal effect genetic element, its relationship, if any, to CI is not clear. However, the phenotype of Rex embryos have some similarity to those observed in CI crosses (compare Fig. 2B , and (1994)). However, as pointed out by Robbins and Pimpinelli (1994) , care must be taken when attempting to relate genetic lesions resulting in early embryonic death to specific cellular processes. Rex, although not a loss-of-function mutation, still results in severe mitotic abnormalities.
It is possible that any cellular lesion, whether due to maternal or paternal factors, that affects chromosomal dynamics could result in the same general lethal phenotypes observed in CI eggs.
Fuyama first described ms(3)K81 as a strict paternaleffect gene (Fuyama, 1986a,b) . Recent genetic and molecular work isolated additional ms(3)K8 1 alleles. Analysis of these alleles established that ms(3)K81 is closely coupled to the rough-Rb97D region, and that the paternaleffect lethality was due to the lack of function of the ms(3)K81 gene (Yasuda et al., 1995) . These studies leave little doubt that ms(3)K81 encodes an essential spermspecific function in the egg following sperm entry. Consistent with this hypothesis, homozygous ms(3JK81 males display normal fertility with respect to sperm entrance (TLK, unpublished) , but the eggs die either early in de (I 996) 47-58 53 velopment or later as haploid embryos (Yasuda et al., was inferred in previous studies based on a structural and 1995). Eggs fertilized by sperm from ms(3)K81 homozybiochemical analysis of sperm fate following fertilization gous males display similar chromatin and mitotic defects (Graner et al., 1994; Karr, 1996; Karr and Pitnick, 1996) . seen in incompatible crosses (CWL, unpublished The nature of the crossing types that result in CI expression suggests that CI can be formally thought of as a paternal-effect caused by Wolbachiu (Karr, 1996; Karr and Pitnick, 1996) . The similarity of the phenotypes observed raises the question of a functional relationship, if any, between CI and ms(3)K81.
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Although similar, there are important differences between CI and ms(3)K81 which reflects differences in the biology of the two systems. For example, the 'expression' of CI by the male is context-dependent; only infected males mated to uninfected females express incompatibility, whereas the reciprocal cross is compatible. Because infected strains develop normally, the infected maternal egg cytoplasm can somehow 'rescue' the CI phenotype. Although no maternal mutations that rescue ms(3)K81 have been described, the rescue of CI by the mother suggests that a search for such maternal-effect mutations may prove fruitful. Although Wolbachiu are present in testes, ovaries and eggs of infected flies, mature sperm are devoid of Wolbachiu (Binnington and Hoffmann, 1989) ; the bacteria are excluded from the sperm during sperm individualization (Bressac and Rousset, 1993) . There appear to be no overt structural differences between the sperm from the different strains at the light microscopic level (TLK, unpublished observations), and sperm from uninfected males appear to fertilize infected eggs normally (O'Neill and . This suggests that Wotbuchiu exert their influence on the sperm earlier during spermatogenesis, and further suggests that these differences may be reflected in their biochemical composition. We are currently examining sperm protein profiles from infected and uninfected males to test this hypothesis.
Chromatin and mitotic defects are the most commonly observed aberrations in incompatible crosses. The nature of these defects provides some indirect clues to the cellular processes involved. For example, spindle formation prior to complete chromosome segregation indicates problems in chromatin dynamics and/or chromatin resolution and further suggests that the normal system(s) that maintains coordination of the chromosome and mitotic cycles that ensure faithful segregation of the chromosomes is disrupted in incompatible crosses.
Because varying degrees of both spindle and chromatin defects exist in eggs from incompatible crosses, we cannot determine if CI expression directly influences one or both cellular process. Nor can we exclude the possibility that some earlier process, undetected in our cytological analysis, is responsible for egg lethality. With these limitations in mind, some conclusions and inferences can be made about the relationships between different cellular processes and the timing of CI expression within the egg. For example, it is commonly observed that the sperm tail dissociates from the nucleus in incompatible eggs (Figs. 2  and 3 ). Such eggs generally display more severe DNA fragmentation.
Another interesting feature of dissociated sperm tails is the presence of tubulin-containing foci, similar in appearance to microtubule asters, near the end of the tail (Fig. 3D) and in other regions of the egg (Fig.  4C) . These foci presumably contain microtubules organized from a centrosome, although we have no way to independently assess centrosome function in these eggs. The position and size of these foci are similar to those seen in eggs laid by homozygous giant nuclei (gnu) females. Eggs from gnu females arrest early in development and usually contain four giant nuclei that contain large amounts of endoreplicated DNA (Freeman et al., 1986; Freeman and Glover, 1987) . Centrosome duplication continues in gnu eggs, resulting in eggs containing few nuclei, but varying numbers of centrosomes. Two other genes that regulate DNA synthesis in the fertilized egg, plutonium (ptu) and pun gu (png) have egg phenotypes indistinguishable from gnu (Shamanski and Orr-Weaver, 1991) . This has also been seen in Drosophila embryos treated with aphidocolin to block DNA synthesis (Raff and Glover, 1989 ) and in Xenopus embryos in which protein synthesis has been blocked by treatment with cycloheximide (Gard et al., 1990) . These results demonstrate that centrosome duplication and DNA replication/ chromosome segregation can be uncoupled and that there must exist regulatory elements that maintain and coordinate these processes. The centrosome phenotype in gnu eggs is similar to that seen in CI crosses and suggests that centrosome duplication also continues in eggs from CI crosses. This indicates that the CI does not directly affect centrosome function but some other cellular process. In the context of CI, these results further suggest that centrosome dissociation from the nucleus might be a primary molecular lesion in eggs displaying incompatibility. The considerable variation in the number, type and degree of abnormal chromatin bodies observed in CI crosses could be due to two processes: (1) defects arise early and are expressed in all eggs equally; therefore, the defects seen later are a direct consequence of this earlier defect; or (2) although the 56% is constant, CI defects arise randomly during early egg development.
Measurements of CI expression (% egg lethality) and the fraction of eggs displaying the CI phenotype following a short timed collection showed that 76% of the eggs died, but only 56% displayed early chromatin defects ( Table 1 ). The fraction exhibiting chromatin defects remained constant at about 56% through three intervals spanning 6 h, suggesting that (1) defects arise early in a subset of the population and (2) this subset does not develop beyond this stage. We do not know the fate of the remaining 20% that do not hatch and do not show the CI phenotype. Presumably, a fraction of the 44% of the eggs that do not display the CI phenotype are developmentally arrested during later stages of embryonic development.
Wolbachia have evolved the capacity to make (seemingly) minor modifications to sperm that have profound effects on their reproductive success. The eventual elucidation of the molecular mechanisms affected by Wolbachia during spermatogenesis, and the subsequent devastating effect on viability, should provide new insights into a wide variety of biological issues from the evolution of host/symbiosis the formation of the zygote.
Materials and methods
Fly strains
to the molecules that mediate 4.3. Embryo collection and fixation A strain used for this study, Drosophila simulans, was kindly provided by M. Turelli (U.C. Davis). This strain, designated DSR, is infected by Wolbachia pipientis as determined by (1) crossing type (Hoffmann et al., 1986; Hoffmann and Turelli, 1988; O'Neill and Karr, 1990) , (2) the presence of Wolbachiu-specific 16s rDNA sequences using the polymerase chain reaction (O'Neill et al., 1992) , and (3) by fluorescence microscopy using monoclonal antibodies specific for Wolbachiu (Kose and Karr, 1995) . The second strain was produced from DSR by raising it for several generations on media containing the antibiotic tetracycline (O'Neill and . This strain, designated DSRT, was shown to be Wolbachia-free using the same methods and criteria described above.
Crosses
DSR and DSRT females were isolated within 8 h of eclosion and maintained on standard cornmeal-agar food bottles for 5-7 days. Prior to setting up crosses, bottles were visually inspected for the absence of crawling larvae to insure that only virgin females were present. Males The percentage of developmental defects in eggs from incompatible crosses were assayed at different times after egg laying as described in Section 4. Note that the percentage of defective embryos remains constant over these times. This implies that later defects are a result of early ones, or else the percentage of defective embryos would rise as development progressed. The hatching rate for these embryos, assayed just before the timed collections, indicated that approximately 74% of the embryos fail to hatch. We assume that there are a number of embryos which we do not score as defective based on their phenotype that subsequently fail to hatch. n = number scored. *Embryos were collected at 30 min intervals and allowed to develop for the times indicated before fixation and staining. #Embryos were scored as defective if they displayed the phenotypes described in the text.
were collected at the same time and maintained in separate bottles. Approximately equal numbers of males and females were combined for crosses.
Crosses were placed in 6 oz plastic bottles inverted over collection plates of molasses agar coated with yeast paste. Fertilized eggs were collected in 30 min intervals by gently rinsing collection plates with a stream of deionized water into nylon mesh baskets and briefly rinsed with Triton wash buffer (0.03% Triton X-100/0.7% NaCl). Embryos were dechorionated in 50% commercial bleach (active ingredient, 2.6% sodium hypochlorite) for 2 min and rinsed with deionized water and TritonMaCl wash solution extensively to remove bleach. The embryos were transferred to a small screw cap vial containing equal volumes of heptane and methanol (both reagent grade from Aldrich) and gently shaken for 30 s. Eggs which sank to the bottom of the vial were removed and washed three times with 2 ml methanol. Eggs were then rehydrated in PBST (PBS containing 0.1% Triton X-100) and subsequently washed three times with PBST and stored at 4°C in the same buffer containing 0.01% sodium azide as a preservative.
Timed embryo collections and CI measurements
CI embryos were collected at 30 min intervals and allowed to develop in humid chambers for various amounts of time before fixation and staining with anti-sperm tail antibody and chromomycin A3 as described above. These embryos were examined using an epifluorescence micro- oj'llevefopment 57 (I 996) 47-58 57 scope and scored. Developmental age during and immediately following fertilization was determined on the basis of polar body morphology as described in the text. Developmental stages at later periods were estimated by nuclear counts (Zalokar and Erk, 1976; Foe and Alberts, 1983) . CI was measured as described . Three independent experiments of CI in the DSR strain gave 77%, 77%, and 73% egg lethality, respectively.
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Antibodies used in this study
Rat anti-tubulin antibody YOL1/34 (Serotec) was obtained from Harlan Bioproducts for Science (Indianapolis, Indiana). This antibody was produced against yeast tubulin and recognizes tubulin in yeast, birds, mammals, and insects. We also used a mouse polyclonal antiserum (Dps) raised against sperm from D. pseudoobscura and described previously (Snook et al., 1994) . This antiserum recognizes both the sperm tail and chromatin in several Drosophila species. Mouse anti-sperm tail polyclonal serum AST-1, generated against honey bee sperm and which recognizes sperm in D. simulans, was also used. Secondary antibodies (LRSC-conjugated goat anti-mouse IgG and FITC-conjugated donkey anti-rat IgG) were obtained from Jackson Immunoresearch Laboratories. The specificity of the antisera was established by (1) its intense staining of a long sinuous structure similar to that previously seen in D. melanogaster (Karr, 1991) , (2) immunostaining of unfertilized eggs which failed to reveal any discernible structures (not shown), and (3) the lack of staining of sperm tails in a distantly related species (D. pachea and D. buskii; not shown).
All antibody incubations were for 1 h at room temperature. Fixed fertilized eggs were incubated with rat antitubulin antibody YOL1/34 diluted 1:30 in PBST, washed three times for 3 min each and followed by FITCconjugated donkey anti-rat IgG diluted 1:200 in PBST. The embryos were then incubated in a lOO-fold dilution of Dps antiserum. Sperm and chromatin were visualized by a rhodamine-conjugated goat anti-mouse IgG secondary antibody. Stained embryos were counterstained with a 1 pg/ml in water solution of DAPI (4',6-diamidino-2-phenylindole; Sigma) for 10 min to stain DNA and mounted on slides in a mounting media containing 80% glycerol and 2% n-propyl gallate in PBS to prevent photobleaching of the fluorochromes. Alternatively, embryos were stained with the AST-1 antisera and counterstained with the DNA stain Chromomycin A, (Sigma) at a final concentration of 67 pg/ml in PBST containing 6.7 PM MgCi,.
Microscopy and digital imaging
Embryos were optically sectioned using a Zeiss Laser
Scanning
Confocal Microscope. Typically, 512 x 5 12 pixel size images were obtained using a Zeiss 40x (n.a. 1.0) or Zeiss 63x (n.a. 1.4) objective lenses. Images for each fluorochrome were obtained by appropriate laser illumination (rhodamine-HeNe laser 543 nm; Fluorostein-chromomycin A3-Argon, 488 nm). All raw image data files are archived in the Digital Visualization Laboratory at the Beckman Institute. Images were reconstructed by superimposing optical sections for each fluorochrome. Image files were imported into a Macintosh 840AV computer and processed using Adobe Photoshop software.
